The behaviour of transitional metals in aluminium-rich alloys is of theoretical interest. 
Introduction
The present work forms part of a research programme on aluminium-rich alloys containing iron, cobalt and nickel, undertaken in order to study the role of transitional metal solutes in this class of alloy. The constitutions of the component binary systems, and of the ternary system alumihium-iron-nickel, are well estab --lished, and Bradley & Taylor (1940) have demonstrated the isomorphism of the compound CogAlg with FeNiAl9. They also suggested that there may be a plane in the model of the system aluminium-iron-nickel in which conditions are analogous to those in the binary aluminium-cobalt system, which implies that two atoms of cobalt are approximately equivalent to one atom of iron plus one atom of nickel in the ternary alloys.
In recent papers (Raynor & Pfeil 1946-7 a, b ; Rayno and Raynor 1945), contributions have been made towards a theory of the role of transitional metal solutes in aluminium-rich alloys. According to this theory, transitional metal atoms,,when alloyed with aluminium, absorb from the structure as a whole a number of electrons per atom corresponding to the total available vacancies in their atomic orbitals. I f the theories of Pauling (1938) are accepted, then the available vacancies for chromium, manganese, iron, cobalt and nickel are respectively 4*66, 3*66, 2*66, 1*71 and 0*61 per atom. The application of this principle enables several analogies to be established between different aluminium-rich binary and ternary alloy systems containing transitional metals. In particular the isomorphism of Co2A19 and FeNiAl9 may be attributed largely to the close similarity between the number of vacancies in the atomic orbitals for two atoms of cobalt and for one atom of iron plus one atom of nickel. Raynor & Pfeil (1946-70) re-examined the equilibrium relations and other features in the aluminium-iron-nickel system, and further suggested that it was possible to regard the constitutional model as built up from the aluminium-cobaltiron and aluminium-cobalt-nickel diagrams placed side by side. This suggestion was partially confirmed by Raynor & Pfeil (1946-76) , who showed that there is a very close analogy between the aluminium-cobalt-nickel system, and the aluminiumiron-nickel alloys which contain nickel in excess of the equiatomic ratio P e : Ni = 1:1. This paper described the results of a corresponding examination of the system aluminium-iron-cobalt. Predictions of the general constitutional features expected are summarized below:
(а) In the aluminium-iron-nickel alloys in which the ratio of iron to nickel atoms is greater than 1:1, equilibrium in the aluminium-rich comer involves only the primary solid solution, FeAl3* and FeNiAl9. No ternary compound would therefore be expected to enter into equilibrium with the primary solid solution in the aluminium-iron-cobalt alloys, but only the phases FeAls and CogAlg.
(б) In the compound FeNiAl9, nickel is replaced by iron, atom for atom, to a limiting composition of 17*13 weight % iron and 14*88 weight % nickel, which is a little nearer to the aluminium-iron axis of the ternary diagram than the theoretical composition FeNiAl9. According to our theory of the role of transitional metals when alloyed with aluminium the electron : atom ratios corresponding to this limiting composition and to Co2A19 are almost the same. It-would therefore be expected that the solubility of iron in CogA^ would be limited.
(c) Since the solubility of nickel in FeAls is appreciable, it would be expected that an appreciable solubility of cobalt in FeAl3 would also be observed, the replacement occurring in such a way that one atom of cobalt replaced one atom of iron. 
Constitution

Experimental methods
Alloys were prepared in alumina-lined crucibles, cast into chill moulds, and annealed in evacuated hard-glass tubes. Reaction between specimens and the glass was prevented by enclosing the former in alumina sheaths. Annealing treatments were carried out at temperatures controlled automatically to within + 1-5° C. of those desired. On the completion of annealing treatments, all alloys were rapidly quenched in water.
For thermal analysis experiments, alloys were cooled at an automatically con trolled rate of 1-5° C per min., in a furnace from which incidental temperature fluctuations were eliminated by the use of a heavy copper lining. Continuous stirring was employed throughout to minimize super-cooling. Arrest temperatures were measured with a calibrated platinum/platinum-13 %-rhodium thermocouple, used in conjunction with a deflexion potentiometer.
Alloys intended for the extraction of primary crystals of the intermetallic com pounds were cooled at a similar rate to that employed in the thermal analysis, but were not stirred. The solid ingots were examined microscopically, and primary crystals were extracted by anodic solution of the matrix in hydrochloric acid solution. Samples of clean, good quality crystals were picked out by hand from the residue, and submitted to Messrs Johnson Matthey and Company, Ltd, for analysis.
Microscopical examination of annealed alloys was carried out by standard techniques; the clearest distinction between Co2A19 and FeAl3 was given by im mersion for 45 sec. in 10 % caustic soda solution, used cold, after standing for at least 24 hr. before use. The microstructure of an alloy containing Co2A19 (dark), FeAlg (light) and chilled liquid is shown in figure 8, plate 9 (see §5).
Standard techniques were also employed for the X-ray examination of certain samples of extracted primary crystals.
In the text of this paper, individual alloys are denoted by reference to the amounts of cobalt and iron present, expressed as percentages by weight. Thus, alloy 0-50/2-00 contained 0-50 % cobalt and 2-00 % iron.
Constitution in the solid state
The constitution of the system up to a cobalt content of 11 weight % and an iron content of 5-7 weight % was determined using 29 alloys. Specimens were annealed at 640, 600 and 550° C. They were examined at suitable stages in the course of their heat-treatment, and annealing was continued until no further change in microstructure occurred. The disposition of the phase fields obtained thus represents true equilibrium conditions. Critical micro-sections of alloys used to establish the 600° C isothermal were analyzed; the nominal compositions of the remaining alloys were used in fixing the phase boundaries at 640° C.
(а) The 640° C isothermal. The structures of the alloys annealed for 14 days at 640° C are summarized in figure 3. No evidence of any ternary compound was obtained.
(б) The 600° C isothermal. The structures of the alloys annealed at 600° C are given in figure 4. All alloys which determine phase-boundaries received a minimum annealing time of 35 days, although no structural change was detected on re annealing any alloy which had received 17 days treatment. The two-phase (a + FeAl3) and (a + Co2A19) fields are narrower than at 640° C, while the three phase-triangle has widened. 
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. A n a l y t ic a l r e s u l t s f o r t h e e x t r a c t e d r e s i d u e s
Six alloys, with compositions lying on a line stretching from 2-5 % cobalt to 5-7 % iron, were slowly cooled, and samples of primary crystals were extracted as described. The crystals from alloys containing 0*57, 1*14 and 1*71 % iron were prismatic in habit, as shown in figure 10, plate 9. Microscopical examination of the parent ingots showed that these crystals possessed the etching characteristics of Co2A19. The microstructure of alloy 1*50/2*29 showed that primary crystals of FeAl3 were present, in addition to those of primary Co2A19; an area of this alloy is shown in figure 11 
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As a final test of the correct identification of the primary crystals extracted from the alloys, X-ray diffraction patterns were obtained from both types of crystal in alloy 1*50/2*29. These corresponded very closely with the diffraction patterns of FeAl3 and Co2A19, and no evidence was obtained of other diffraction patterns which might be associated with a third, ternary, phase in equilibrium with the aluminiumrich solid solution.
Discussion
The theory of the role of transitional metal solutes in aluminium-rich alloys assumes that, when alloyed with aluminium, transitional metal atoms absorb from the structure as a whole a number of electrons per atom corresponding to the available vacancies in their atomic orbitals, which for chromium, manganese, iron, cobalt and nickel are respectively 4*66, 3*66, 2*66, 1*71 and 0*61 per atom.
In discussing the constitution of aluminium-iron-nickel alloys from this point of view, it was suggested (Raynor & Pfeil 1946-70 Several further points of interest arise from this work. The compounds Co2A19 and FeNiAl9 are isomorphous, and it has been previously shown that nickel will replace cobalt in the former and iron in the latter in such a manner that the replacement proceeds atom for atom (Raynor & Pfeil 1946-76) . Further, the replacement continues until, in each case, an electron : atom ratio of 2*285 is reached, calculated on the basis of the theory referred to above. It is probable, therefore, that the Brillouin zone for the Co2A19 type of structure can tolerate this number of electrons per atom before becoming unstable with regard to possible alternative structures. In the same way, FeAl3 dissolves cobalt and nickel respectively to closely similar electron: atom ratios. This suggests that structures of this type are to be regarded as essentially based on the electron : atom ratio.
According to the present work ( § 6), Co2A19 (electron : atom ratio 2* 14) will dissolve iron in such a manner that cobalt atoms are replaced by iron atoms until an electron : atom ratio of 2*07 is reached. The deficit, 0*07 electron per atom, is less than half the surplus which can be accommodated when nickel is dissolved in this structure. Similar indications are given by a consideration of solid solution forma tion in other binary compounds of aluminium with transitional elements. MnAl6 will dissolve a large amount of iron, the replacement occurring atom for atom until approximately half the manganese is replaced, whereas only a limited solubility of chromium exists. Similarly, FeAl3 dissolves appreciable quantities of cobalt, but little manganese, the replacement again being atom for atom in each case. NiAl3, however, does not dissolve any of the transitional elements preceding nickel in the periodic table to any appreciable extent. There is thus a greater tendency to solid solution formation on increasing the number of electrons per atom than on decreasing this value. These facts may be understood in terms of the ability of the Brillouin zones for these compounds to accommodate extra electrons, and the inability of the structure to hold together when too few electrons are present.
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Although the Co2A19 structure can tolerate a certain deficit of electrons, FeNiAl9 cannot tolerate a corresponding deficit, and dissolves very little iron. Though the effects of increasing the number of electrons per atom depend upon the Brillouin zone characteristics, the behaviour on decreasing the number of electrons per atom probably depends on the details of the atomic arrangement in the structure itself. In this connexion, it should be noted that, whereas Co2A19 is stable up to a temperature of 943° C, FeNiAl9 is formed, in aluminium-iron-nickel alloys, by reaction between FeAl3 and NiAl3 at the considerably lower temperature o f 809° C. This indicates that the structure in which half the transitional metal atom sites are occupied by iron, and half by nickel, is less stable than that in which cobalt atoms occupy all the relevant sites. The stability of FeNiAl9 might therefore be expected to be more sensitive than that of Co2A19 towards a reduction in the number of valency electrons per atom, which in general tends to reduce the cohesive forces in a metallic structure; this may be responsible for the ability of iron to dissolve in Co2A19, but not to any appreciable extent in FeNiAl9.
